INTRODUCTION
There have been relatively few reports of the preparation from thiobacilli of cell-free systems capable of the complete oxidation of thiosulphate to sulphate. Examples are extracts of Thiobacillus novellus (Aleem, 1965; Charles & Suzuki, 1966; Oh & Suzuki, 1977a, b) and T. thiooxidans (London & Rittenberg, 1964) . Recently a membrane-associated thiosulphate-oxidizing system was obtained from T. novellus, but was not active on reconstitution from its constituent enzymes (Oh & Suzuki, 19776) . Few studies have been reported of efficient electron transport phosphorylation dependent on cell-free thiosulphate oxidation. In cases where P/O ratios of about 1 -0 have been obtained it has not always been clear whether complete oxidation of thiosulphate was occurring (involving oxidation of both the reduced sulphane and oxidized sulphone atoms of the ion) or whether phosphorylation was accompanying the oxidation of sulphite derived from thiosulphate. The occurrence in some thiobacilli of substrate-level phosphorylation, dependent on APS reductase (adenylyl sulphate reductase) and ADP-or ATPsulphurylase, has probably also been an interfering factor in attempts to demonstrate oxidative phosphorylation (Ross et al., 1968; Peck, 1968; Kelly, 1978) . There have in fact been no published reports of phosphorylation by cell-free extracts of thiobacilli in which the complete oxidation of thiosulphate to sulphate was simultaneously and unequivocally known to be occurring. Earlier work with T. novellus (Aleem, 1965) showed thiosulphate oxidation by crude extracts and a 144000 g soluble fraction with a ratio of oxygen consumed/thiosulphate oxidized of 1.6-1.8. Oxidation was stimulated by added cytochrome c and recent work with Thiobacillus A2 indicated electrons from thiosulphate oxidation to enter the electron transport chain at the level of cytochrome c (Kula et al., 1982) . We have undertaken to prepare cell-free systems from Thiobacillus A2 that would simultaneously effect complete oxidation of thiosulphate and ATP synthesis by electron transport phosphorylation. We have sought to establish the electron transport pathway involved in thiosulphate oxidation and the subcellular location of the thiosulphateoxidizing system.
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METHODS
Organism and culture conditions. Thiosulphate-agar media were used for culture maintenance as previously described for Thiobaciltus A2 (Wood & Kelly, 1977) . Continuous chemostat culture was used both for estimating maximum theoretical growth yield and as a procedure for the generation of large quantities of the organisms in a medium containing (g 1-I): Na2S203.5H20, 12.5 or 25; MgSO4.7H20, 0.1; NH,Cl, 0-8; KH2P04, 1.5; Na,HP0,.2H20, 7.9; H,SO, as required; trace metal solution (Tuovinen & Kelly, 1973) , 10 ml. The culture was established in an LH Engineering (Slough, Bucks, U.K.) modular type series 500 fermenter with a culture volume of 750 ml, stirred (500 r.p.m.) and aerated (55 ml min-I) with air containing 1.4% (vjv) COz. Temperature was maintained at 30 "C and pH at 7-7 by automatic addition of 2 M-NaOH.
Preparation of' crude ceff-jree extract. The effluent from the chemostat culture was collected in an ice-cooled vessel and kept at 4 "C until used. The bacteria were washed once with 55 mM-phosphate buffer (pH 7.5) and resuspended (20-40mg dry wt ml-I) in the same buffer. The suspension was passed twice through a French pressure cell at 140 MPa. The disintegrated materia1 was treated at 4 "C for 10 rnin with deoxyribonuclease (2 pg ml-I) and 10 mM-MgCl,, then centrifuged at l O O O O g for 15 rnin at 4 "C to remove any unbroken cells. The supernatant fraction was used as the crude extract.
Alternatively a crude extract was prepared with a lysozyme treatment based on the method described by Kaback (1971) . Washed cells were suspended to a final 15 mg dry wt ml-' in 0.5 M-sucrose containing 100 mM-EDTA and 10 mM-phosphate buffer (pH 7). Lysozyme was added to the suspension at a concentration of 1 mg ml-I, then incubated at 30 "C for 20-30 min until the absorbance at 440 nm of a diluted aliquot of the suspension had decreased 5-to 6-fold compared with that before addition of lysozyme. The lysozyme-treated cells were sedimented by centrifugation at 12000g for 15 min and resuspended to one-fifth of the original volume in 55 mM-phosphate buffer (pH 7.5). The suspension was then diluted 5-10-fold with water to disrupt the cells. The resulting suspension had a high viscosity which was rapidly lowered by adding deoxyribonuclease (10 pg ml-l) and MgC12 (2 mM). The suspension was then centrifuged at 5000 g for 30 rnin to remove any unbroken cells. The supernatant was also termed the crude cell-free extract.
Preparation of 'membrane fiaction'. The extract from either French pressure cell or lysozyme treatment was centrifuged at 48000g or 130000g for 45 min or 90 min at 4 "C. The pellet fraction was washed with a 20-fold volume of 55 mM-phosphate buffer (pH 7.5) and recentrifuged. The particulate fraction, containing cell membrane particles, was resuspended in the same buffer to give 8-15 mg protein ml-l.
Preparation of' 'soluble jiaction'. The extract from lysozyme treatment was centrifuged at 48 000 g for 30 rnin and the supernatant further spun at 130000g for 90 min. The resultant supernatant was carefully removed and designated 'soluble fraction'. The supernatant (1 30000 g) from French pressure cell treatment was not exclusively a 'soluble fraction' as it contained membrane material (see Results).
Enzyme assags. The thiosulphate-oxidizing activity was routinely assayed at 30 "C by measuring oxygen consumption in a Teflon-covered Clark oxygen electrode cell (Rank Brothers, Bottisham, U.K.) with a chart recorder. Oxygen concentration in the experimental system was calibrated using the method described by Robinson & Cooper (1970) . The reaction mixture (final volume, 1 ml) contained, unless otherwise specified, 2 pmol thiosulphate; SO pmol phosphate buffer (pH 7.5); 0.2 or 0.5 mg dry wt cells or 5 mg enzyme protein. The reaction was started by injecting thiosulphate solution with a Hamilton microsyringe. Activity was expressed as nmol or pmol oxygen uptake min-' (mg protein)-' or (mg dry wt)-'.
The NADH-, succinate-or sulphite-oxidizing activities were measured polarographically in the same way as above except that 0.2 pmol NADH, 0.5 pmol succinate or 1 pmol Na2S03 in 5 mM-EDTA was used instead of thiosulphate.
Rhodanese activity was measured by a method based on that of Silver & Kelly (1976) . The reaction mixture contained 50 pmol Na2S203, 125 pmol Tris (pH 10.6); 100 pmol KCN; enzyme and water to give 2.1 ml. After incubation for 10 rnin at 30 "C, thiocyanate was determined as described previously (Wood & Kelly, 1981) . For the assay of small quantities of cells, the organisms were lysed by the modified EDTA-lysozyme method of Vandenbergh et at. (1979) . Lysozyme and EDTA (final concentrations 0.5 mg ml-' and 10 mM, respectively) were added to the cell suspension (final concentration about 1 mg dry wt ml-I), which was then incubated at 30 "C for 20-30min until the turbid cell mixtures became clear and some precipitation occurred. The lysed cell suspension was used to assay rhodanese activity as described above. Alternatively the cells were incubated with 57; (v/v) Triton X-100 for 20min at room temperature and then the rhodanese activity was measured. The rhodanese activities measured by either method were similar.
Thiosulphate :cytochrome c oxidoreductase activity was measured by following the reduction of cytochrome c (horse heart 111) at 550 nm in 1 cm cuvettes with a Pye-Unicam SP1700 spectrophotometer. The assay mixture contained, unless otherwise stated, 2 pmol Na,S,O,, 50 pmol phosphate buffer (pH 7.5); 35 or 70 nmol cytochrome c ; 3 mg protein and water to give a final volume of 1 ml. The same procedure was employed to assay sulphite :cytochrome c oxidoreductase activity, except that 2 pmol sulphite in 5 mM-EDTA, 100 pmol Tris/HCl (pH 7 -5 ) and 0.5 mg protein were used instead of thiosulphate and phosphate. Activity was expressed as nmol cytochrome c reduced min-' (mg protein)-' ; a millimolar extinction coefficient at 550 nm of 28.0 was used.
Spectrophotometry. Difference spectra were obtained with Pye-Unicam SP1700 or SP1800 recording spectrophotometers. Experimental details are provided in the legends to figures. 0.ridatit.e phosphorylation. Reaction mixtures were incubated at 30 "C in the oxygen electrode cell as described above. The assay mixture contained, in a total volume of 1.0 ml (pmol): 40 phosphate buffer (pH 7.5); 1 AMP; 1 ADP; 20 NaF (to inhibit endogenous ATPase activity); 6 MgCl,; 10 Na2S203; and cell-free extract (3 mg protein). NADH (0.2 ymol) was added instead of thiosulphate when NADH was used as substrate. The reaction was started by adding substrate with a microsyringe. The rate of oxygen uptake was recorded throughout the reaction. To terminate the reaction, 0-5 ml assay mixture was removed quickly into a tube containing 0.4 ml 3% (w/v) perchloric acid, to which 0.1 ml 2-6 M-NaOH was added shortly afterwards. The amount of ATP in the neutralized reaction mixture was determined by a luciferin-luciferase method using a Lumac celltester M 1030 (Boro Labs Ltd, U.K.). Endogenous respiration and ATP formation by controls were determined by the same procedure except that the substrate was omitted.
Analytical procedures. Thiosulphate was estimated colorimetrically as described by Kelly et al. (1969) or by Sorbo (1957) . Biomass was estimated from absorbance at 440 nm (1 cm) using appropriate dry weight--absorbance calibration curves. Direct determination of dry weight of organisms in culture confirmed that this was a reliable method for monitoring biomass concentration. Protein was estimated by the Lowry procedure, using crystalline bovine serum albumin as standard. Carbon content of dried bacteria and cultures was determined with a Beckman Total Organic Carbon Analyzer.
Chemicals. Lysozyme (egg white), cytochrome c (horse heart III), cytochrome oxidase (bovine heart), rhodanese (bovine liver), catalase (bovine liver), bovine serum albumin, NADH, antimycin A, HQNO and rotenone were from Sigma. Luciferin-luciferase and ATP were purchased from Boro Labs Ltd, U.K. ; ADP from Boehringer Mannheim; and deoxyribonuclease (bovine) from Seravac Lab., U.K. (Fig. 1) . Dcrit (above which washout would occur) was approximately 0.085 h-l . The specific rate of thiosulphate oxidation [4s, 93-= mmol h-l (g dry wt)-'] in the steady state was calculated for each dilution rate from thiosulphate consumption rate and the steady-state biomass. The value of qSIo2-increased from 4-58 at D = 0.025 h-l to 14.01 at D = 0.084 h-l and gave a linear relationship (fitted by regression analysis when plotted against D . The correlation coefficient for fit of the eight data points to a straight line was 1.003. The reciprocal of the slope of this plot indicated a maximum theoretical growth yield ( Ymax) of 7.04 g dry wt (mol thiosulphate)-'. The 4 intercept of the plot gave a maintenance coefficient (m) of 1.44 mmol thiosulphate h-l (g dry wt)-l.
R E S U L T S
Aerobic thiosulphate-limited chemostat culture
The protein content of the bacteria decreased as the dilution rate increased, but the capacity to oxidize thiosulphate measured in the oxygen electrode cell [nmol O2 min-l (mg dry wt)-'], increased with increased D. The carbon content of the bacteria was 46% (w/w) of the dry wt.
The specific activity of rhodanese was constant at 280 f 10 nmol min-l (mg protein)-' at all dilution rates tested (Fig. 1) .
Thiosulphate oxidation and the electron transport chain in thiosulphate-grown Thiobacillus A2 Whole cells oxidized thiosulphate rapidly, but did not oxidize succinate. Sulphite was oxidized by whole cells at about 15 % of the rate of thiosulphate in 0.1 M-Tris/HCl buffer but only at less than 5 % of the thiosulphate rate in phosphate buffer. Crude extracts oxidized thiosulphate, NADH and succinate but showed only very slight ability to oxidize sulphite or formate when assayed in the oxygen electrode. Thiosulphate was oxidized at similar rates by crude extracts (10 mg protein ml-l) in Tris (0.01-0.1 M) or phosphate (0.03-0.1 M) buffers. The reduced minus oxidized spectra of the crude extract, membrane fraction and soluble fraction, using NADH, succinate, S203-or SO:-as reductants, indicated that cytochromes c, b and a 400 450 500 550 600 400 450 500 550 600 Wavelength (nm) were present in Thiobacillus A2 with ct bands at 552,560 and 605-620 nm respectively (Figs 2,3) . A trough at 450 nm suggested that flavin-protein was also present.
The cytochromes were reduced immediately on addition of NADH or succinate to the crude extract or membrane fraction. The cytochrome b band at 560 nm was visible in the membrane fraction (Fig. 3) but was masked by the very high concentration of cytochrome c in the crude extract [approximately 1 -4 nmol (mg protein)-' 3. With thiosulphate or sulphite as reductants, the spectra of the crude extract appeared in 5-15 min during which the reaction mixture in the cuvette apparently became anaerobic since the peaks would disappear if oxygen was introduced simply by inverting the cuvettes, indicating high activity of cytochrome oxidase in the crude extract. Reoxidation did not occur with NADH or succinate as reductants because the oxidation rates of NADH or succinate in the crude extract were about 15 and 5 times higher, respectively, than that of thiosulphate. Cytochrome c 5 5 2 reduced in the soluble fraction by thiosulphate could not be oxidized by adding mammalian cytochrome oxidase. Horse heart cytochrome c reduced by thiosulphate in the soluble fraction could easily be oxidized by the membrane fraction.
The difference spectra in the soluble fraction were formed as soon as thiosulphate or sulphite was added (Fig. 4) . This fraction probably contained only c-type cytochrome (a band at 552 nm). Thiosulphate or sulphite failed to reduce the cytochromes in the membrane fraction (Fig. 3) . Similarly NADH or succinate did not reduce cytochromes in the soluble fraction (Fig. 4) .
Antimycin A or HQNO inhibited the reduction of cytochrome c with NADH or succinate as reductants but had no effect with thiosulphate or sulphite as substrates (Figs 2 and 3b) .
The effects of several inhibitors on NADH, succinate or thiosulphate oxidation by the crude extract are shown in Table 1 . The results confirmed the finding from the difference spectra that neither b-type cytochrome nor any electron transport chain component on the NADH dehydrogenase side of cytochrome b was involved in the oxidation of thiosulphate by oxygen.
Stoicheiometry of thiosulphate oxidation by cell-free extracts
Thiosulphate oxidation by whole cells or cell-free extract was consistent with equation (l), two molecules of oxygen being consumed for each thiosulphate oxidized (Table 2) .
Neither the soluble nor the membrane fraction (from centrifuging at 130000g) could separately carry out the oxidation, indicating that factors present in both fractions were necessary (Table 2) . NADH-or succinate-oxidizing activities were, however, mainly membrane bound, hardly any activity being found with the soluble fraction alone. Table 1 .
Eflect of' electron transport inhibitors on the oxidation o j NADH, succinate and thiosulphate by a crude extract of Thiobacillus A 2
Initial oxidation rates were determined using the oxygen electrode cell (1 ml final volume) as described in Methods. Inhibitors were added after the initial rates of substrate oxidation had been established. Cytochrome c (horse heart 111) caused little stimulation of the activity of thiosulphate oxidation by the crude extract which was, however, slightly inhibited (30%) by reduced glutathione (5 mM) and strongly (80%) by sulphite (2 mM) if the sulphite was added before thiosulphate.
Inhibition of
The crude extract exhibited a high affinity for thiosulphate, with a K, value between 33 PM and 90 PM (e.g. Fig. 5 ) compared to 37 PM for thiosulphate-dependent oxygen uptake by whole cells, even though the V,,, for thiosulphate oxidation by the crude extract was approximately one-hundredth of that for whole cells. It was very difficult to measure the K , value precisely for the crude extract because (a) there was a lag and acceleration phase of several minutes before the maximum rate of oxidation was reached; and (b) the specific activity of thiosulphate oxidation was related to the concentration of extract (Fig. 6a) , thus the specific activity was increased with increase of protein concentration up to 12 mg ml-l , indicating that a complex enzyme system was involved in thiosulphate oxidation. There was also an interdependence of Tris buffer concentration and protein concentration in determining the specific activity of thiosulphate oxidation (Fig. 6 b) . Table 3 shows that the factors essential for thiosulphate oxidation were totally soluble in the cell and that the membrane fraction was only necessary for the terminal transfer of electrons to oxygen. The membrane fraction could be replaced by mammalian cytochrome c and cytochrome oxidase. The stoicheiometry of thiosulphate oxidation by the reconstituted system also showed an O,/S,O$-ratio of 2, which suggested that the reaction was complete (equation 1).
Energy metabolism of Thiobacillus
Reconstitution and localization of the thiosulphate oxidation system
A TP fbrmation bjj cell: free preparations during thiosulphate oxidation The oxidation of thiosulphate was coupled to ATP synthesis by the 40000g supernatant fraction from Thiobacillus A2 ( Table 4 ). The P/O ratio from four determinations was 1.10 W . -P . LU AND D. P. KELLY 
80
0.76 -* S-40000, supernatant fraction from centrifuging at 40000 g for 30 min; S-130000, supernatant fraction from centrifuging at 130000 g for 90 min.
0.23. This oxidative phosphorylation was not affected by antimycin A or HQNO, in contrast to N ADH-dependent oxidative phosphorylation which was severely inhibited ( Table 4) . This confirmed the former finding that thiosulphate entered the electron transport chain at the cytochrome c level and only the terminal site of energy conservation involving the action of cytochrome c : cytochrome oxidase was functional in thiosulphate-grown Thiobacillus A2.
The crude extract (10000 g or 20000 g supernatant) oxidized thiosulphate less rapidly and exhibited phosphorylation but with a wide variation in P/O ratio (from 0.5 to 1.5).
The 130000 g supernatant from organisms treated in a French pressure cell also catalysed phosphorylation coupled to thiosulphate oxidation (Table 4 ). The same kind of supernatant from lysozyme-treated cells failed to oxidize thiosulphate ( Table 2) . The French pressure cell preparation contained cytochrome oxidase activity and was able to oxidize NADH. These results indicate that membrane material was still present in the 130000 g supernatant liquid, as was also shown by Loya et al. (1982) . Lysozyme treatment presumably produced no membrane material not sedimented at 130 000 g.
AMP was added to the reaction mixture in order to inhibit the adenylate kinase in the crude extract, which otherwise rapidly catalysed the conversion of about one-third of the added ADP into ATP. ATPase activity was also observed in the crude extract in the absence of fluoride, with an initial hydrolysis rate of approximately 10 nmol ATP min-' (mg protein)-'.
Occurrence of rhodanese in extracts Most rhodanese activity was recovered in the soluble fractions following lysozyme treatment, indicating it not to be membrane-bound. If bovine liver rhodanese (2 units ml-l) was incubated with the Thiobacillus A2 membrane fraction (0.5 mg protein), horse heart cytochrome c (33 nmol) and thiosulphate (1 pmol) no oxygen consumption occurred, indicating the soluble fraction to provide components as well as or other than rhodanese that were necessary for thiosulphate oxidation to occur. The addition of reduced lipoate resulted in rapid oxygen uptake even in the absence of rhodanese.
Sulphite oxidation by cell-free preparations
The rate of sulphite oxidation by the crude extract was negligible [1.2-1.4 nmol O2 min-l (mg protein)-' 1 in 0.05 M-phosphate buffer pH 7.4 or 0.01 M-Tris pH 7.4. If horse heart cytochrome c was added at 70 or 140 p~, the rate in 0.01 M-Tris was increased to 2-1 and 5-4, respectively. In 0.1 M-Tris pH 7.4, sulphite oxidation was increased to 5.2, and further stimulated to 13.3 by 70 pi-cytochrome c. The crude extract would oxidize 2 mM-thiosulphate in phosphate buffer [9 nmol min-l (mg protein)-'] but the prior addition of sulphite (2 mM), to give an initial oxidation rate of 1.4 nmol min-l (mg protein)-' before thiosulphate addition, resulted in a rate of only 1.7 after adding thiosulphate.
Similarly, the oxygen uptake rate by the crude extracts was depressed by 40% when sulphite (2 mM) was added during thiosulphate oxidation. The inhibitory action of sulphite on thiosulphate-dependent oxygen uptake in phosphate buffer has not yet been explained, but is apparently not due to direct inhibition of cytochrome oxidase.
The soluble fraction (1 30 000 g) had a very active sulphite : cytochrome c oxidoreductase, exceeding that for thiosulphate by about 40-fold. Sulphite-dependent cytochrome c reduction could only be demonstrated in Tris buffer, as phosphate was markedly inhibitory. Thus the rate of reduction of cytochrome c ( 3 5~~) by sulphite (1 mM) was 71 nmolmin-l (mg soluble protein)-' in 0.1 M-Tris pH 7.5 but only 0-8 in 0-05 M-phosphate. Cytochrome c reduction by thiosulphate had a K , of about 200 pM-cytochrome c and was consequently very slow in this system, but sulphite-dependent reduction was not affected by thiosulphate.
Ferricyanide was also reduced by sulphite using the soluble fraction. Respective rates were 65 and 242 nmol min-l (mg protein)-' in phosphate and Tris buffers. Under similar conditions no ferricyanide reduction was effected by thiosulphate.
DISCUSSION
This is the first time that a cell-free system from Thiobacillus A2 has been obtained that is capable of the stoicheiometric oxidation of thiosulphate to sulphate and the coupling of this to ATP synthesis. Recently Kula et al. (1982) reported unstable thiosulphate oxidizing activity in extracts of Thiobacillus A2 and a failure to observe ATP synthesis during thiosulphate oxidation. The data obtained are consistent with the following stoicheiometry :
The effects of the uncoupling agent 2,4-dinitrophenol and of electron transport inhibitors indicate that thiosulphate oxidation is coupled directly to cytochrome c reduction, without involving cytochrome b for the oxidation of either the sulphane-or sulphone-sulphur to sulphate, and that ATP synthesis is effected exclusively by electron transport phosphorylation coupled to the reoxidation of cytochrome c. The spectrophotometric observations with NADH, succinate and inhibitors showed that the organism contains a complete electron transport chain allowing electron flow from NADH to oxygen. The thiosulphate-oxidizing enzyme system was located in the 'soluble' 130000 g fraction of cell-free extracts and the membrane material was required only to provide the cytochrome oxidase system for terminal oxidation processes. This soluble fraction is currently being resolved in a search for enzymes catalysing thiosulphate cleavage and sulphane-sulphur or sulphite oxidation (W .P. Lu, unpublished data) . It is noteworthy that the system obtained from Thiobacillus A2 is significantly different from that from T. novellus (Oh & Suzuki, 1977a, b) which was wholly membrane-associated. Among the enzymes believed by Suzuki (Suzuki, 1965; Suzuki & Silver, 1966; Charles & Suzuki, 1966; Oh & Suzuki, 1977a, b) to be involved in cell-free thiosulphate oxidation were rhodanese, sulphite oxidase and the 'sulphur-oxidizing enzyme'. The former were present in our preparations but our results give positive evidence incompatible with a role for a sulphur oxygenase in Thiobacillus A2. The demonstration that electrons from thiosulphate oxidation enter the electron transport chain at cytochrome c, and the P/O of 1.0, indicate that each pair of electrons transferred to oxygen supports one phosphorylation. Since four oxygen atoms (equivalent to four electron pairs) are consumed during thiosulphate oxidation and four ATP formed, all oxygen consumption must be used by cytochrome oxidase, and no oxygen could have been used in the direct oxygenation of sulphur.
Our results on thiosulphate-dependent phosphorylation using a 1 30 000 g 'soluble' preparation can be compared with those of Cole & Aleem (1970) using a 144000 g fraction from T. nooellus. They believed their system to prove oxidative phosphorylation in a membrane-free soluble system. This is not the case with our data, as our observations indicate that membrane material, albeit very finely degraded, is present even after high-speed centrifuging. Moreover, high-speed supernatant preparations from lysozyme-treated bacteria are inactive, as no small membrane fragments are produced by this method in contrast to the French pressure cell or sonic disintegra tion met hods.
The growth yield data obtained from the chemostat culture can be used for a theoretical comparison with the ATP synthesis observed with the cell-free systems. The 'true growth yield' (YF,z;-) of 7.0 and carbon content of 46% of the dry weight indicates the fixation of 0.27 mol CO, for each thiosulphate oxidized. Since C02-fixation by the Calvin cycle requires 3ATP and 2NADH for each C 0 2 , a minimum of 0.81 ATP and 0.54 NADH must therefore be produced from the oxidation of one thiosulphate. As 0.54 NAD+ requires 1.08 reducing equivalents (H) for reduction and thiosulphate oxidation produces 8 H per mol oxidized, energy for the generation of ATP and cytochrome c-dependent reduction of NAD+ comes from the oxidation with oxygen of 6.92 H produced from 0-87 mol thiosulphate. ATP and NADH production from one mol thiosulphate oxidized for energetic purposes via electron transport to oxygen thus becomes 0-93 ATP + 0.62 NADH. Thiosulphate-dependent NAD+ reduction in thiobacilli requires a minimum of 2ATP per mol NAD+ reduced (for reviews, see Kelly, 1978 Kelly, , 1982 . Consequently the ATP required to effect the C0,-fixation required for the observed YF2zi-would be 2.17 ATP per mol thiosulphate oxidized for energetic purposes. Since about 80% of the energy available from chemolithotrophic oxidations is probably expended directly in C 0 2 -fixation and the remaining 20% in biosynthetic and transport processes, the total ATP production is indicated to be of the order of 2.7 ATP per mol thiosulphate. Experimentally the P/O ratio of about one supported by cell-free thiosulphate oxidation indicated that the overall apparent efficiency of growth was lower than assumed in these calculations and could indicate that more than two ATP were consumed per mol N A D + reduced. The maximum experimental ATP production observed, of 4-4 per mol thiosulphate oxidized (Table 4) , could indicate that 4 ATP were consumed for reduction of one NAD+. This problem is discussed in greater detail elsewhere (Kelly, 1982) .
Thiobacillus A2 is proving the ideal experimental system for the elucidation of electron transport-dependent phosphorylation during sulphur compound oxidation as it is possible to obtain cell-free systems that are sufficiently stable for biochemical fractionation and are not complicated by the presence of any substrate-level phosphorylation, such as are present in some other thiobacilli (Kelly, 1982) .
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